Temperature dependences of spontaneous and induced electrogyration are studied for the crystals of lead germanate doped with Li, Eu, La, Nd and (Li, Bi). Critical fluctuations observed in the optical parameters near ferroelectric phase transition point are explained in frame of the first fluctuation correction to the Landau theory and the critical indices governing the order parameter are found. It is shown that the doped crystals may be promising for practical applications owing to their large induced electrogyration coefficients.
Introduction
Lead germanate (LG) crystals, Pb 5 Ge 3 O 11 , represent a wide-gap semiconductor characterised by the point symmetry class 6 at the room temperature. In spite of long-standing history of its studies, LG still attracts much attention of researchers (see, e.g., [1] [2] [3] [4] [5] ). A transition to ferroelectric phase state with the symmetry change 3 6 → occurs approximately at 450 K [6] . Below the Curie point the crystal becomes optically active as a result of effect called as electrogyration (EG) [7] . It is linearly dependent on the order parameter of the phase transition, spontaneous electric polarization. The fact that the order parameter and the optical activity are directly linked to each other facilitates studies of the phase transformation with reliable and sensitive optical techniques. It is the more so as the optical gyration manifests itself along the optic axis direction where the accompanying optical birefringence is absent and the experimental errors are the least.
It is known that the LG may serve as a basis for a large family of solid solutions and other structurally modified compounds (see, e.g., [7] ). The influence of isovalent or het-erovalent substitutions in the LG crystals or doping on their physical properties and, in particular, the phase transition characteristics represent an interesting subject for further researches [3] [4] [5] . Another aspect of our interest in structurally modified LG crystals is good EG characteristics of the basic compound, the pure LG. This represents a subject potentially important for construction and practical application in electrically operated optical and optoelectronic devices [8, 9] . In this respect one can hope that doping of the LG may result in still better EG parameters and so lower operating voltage.
In the first part of our studies [10] we have concentrated upon the EG properties of solid solutions based on the LG and formed due to the ionic substitutions 4 4 Ge Si . The aim of this work is to study a number of doped compounds. Some preliminary data on the subject have been earlier reported in [11] .
Experimental
Single LG crystals with different doping impurities had been grown at the laboratories of Dnipropetrovsk National University (Ukraine). In our studies we used crystals containing a number of dopants, in particular lithium, lanthanide elements (lanthanum, neodymium and europium) and a combination of lithium and bismuth. The corresponding compounds are abbreviated hereafter as LG:X, where X = Li, La, Nd, Eu and (Li, Bi). The impurity concentrations x (in weight per cents) were approximately equal to x = 0.005 and 0.010 % (Li), 0.020 % (La), 0.020 % (Nd), 0.021 % (Eu) and 0.152 % (Li and Bi). For the case of doping with bismuth some information is known about the heterovalent substitution 2 3 Pb Bi + + → (see, e.g., [7, 12] ). The exact character of locations of the other impurities in the lattice is not yet clear. The optical properties under study were natural optical activity imposed in the ferroelectric phase by spontaneous electric polarization S P in the absence of external field E (i.e., a spontaneous EG) and the effect strictly induced by that field in both ferroelectric and paraelectric phases (an induced EG). They were measured with a high-accuracy polarimeter, of which principles and construction were described elsewhere (see, e.g., [13, 14] ). It is known [11] that introducing of the impurities mentioned above into single crystals of LG manifests itself in a sharp increase of coercive electric field. This hinders experimental observation of hysteresis loops for the optical activity at the room temperature and makes difficulties in reaching completely single-domain state of LG:X crystals. As a practical step intended to achieve saturated polarization prior to the measurements, we heated the samples to the temperatures higher than the Curie one and then slowly cooled them down to the room temperature under dc voltage applied along the direction of optic axis (
All the measurements were carried out using intensity-stabilised He-Ne laser (the radiation wavelength 632.8 
Results and discussion

Spontaneous electrogyration
On the basis of our data for the specific optical rotatory power ρ ( Table 1 ). Notice that the crystals of LG:Li2 and LG:Nd have been studied only for the room temperature. The optical activity at the room temperature becomes somewhat lower when compare with the appropriate data for the pure LG crystal. However, it would be premature to state that the dopants under test diminish the effect in general, since the saturation for the doped crystals is still not reached at 290-300 K. Some smearing of the phase transition is also visible from Fig. 1 . In order to gain reliable information regarding the influence of the impurities on the phase transition in LG and the critical fluctuations accompanying the phase transition, we have analysed the data of Fig. 1 using the technique described in our previous work [15] .
According to [15] , temperature derivative
in the region of relatively weak fluctuations (defined by the inequalities
being the relative temperature and G the Ginzburg number [16, 17] ) should behave as Table 1 . Characteristics of spontaneous EG for the doped LG:X crystals. The data for the pure LG crystal are taken from [11, 15] . Table 1 gives the results shown in Table 1 . In particular, the ratio (2 2 ) λ λ − + is not far from its theoretical unit value, thus confirming fairly good agreement of our experimental data with Eqs.
(1) and correctness of the first fluctuation correction approach [17] . The Ginzburg number has been calculated from the experimental curves ) (τ ζ g using the technique suggested in [17] . The averaged Ginzburg numbers for all the crystals are of the order of 2 
10
− . Although it is difficult to deduce strict conclusions concerning the influence of dopants on the G parameter, the latter is seen to be slightly less than that for the pure LG. Therefore the doping of the LG crystals, most likely, results in decreasing Ginzburg number and so larger correlation length (see [16] ). This should mean narrower fluctuation region and, according to Ginzburg-Levanyuk criterion [16] , broader region of validity of the first fluctuation correction approach. However, in order to make definite conclusions, influence of defects should be properly analysed, which is outside the scope of the first fluctuation correction theory [17] . Anyway, it is known that one of the effects of structural defects may be deviation of + − λ λ ratio from the unity. Table 1 ). It is essential here that the temperature region of notable fluctuations be excluded from the analysis. Then the corresponding accuracy for β has been equal to 2 
− . One can see from Table 1 that the doping tends to decrease the β parameter and so manifests itself in further deviation of thermodynamic behaviour of the crystals from that predicted by the Landau theory. Again, one of natural reasons is partial structural disordering due to interstitial lattice defects concerned with the doping. The only exception is the LG:Eu crystal, for which the decrease in β has not been observed, probably because of its smallness.
Induced electrogyration
Let us now consider the induced EG effect in the doped LG:X crystals appearing under external electric field. As seen from Fig. 4 (insert) , the induced increment ρ ∆ of the specific optical rotation depends linearly on the electric field, with a tendency for saturating in the highest fields. This correlates fairly well with simple phenomenological relationships quoted in the work [10] : Fig. 4 ) reveal anomalies very similar to those peculiar of the dielectric permittivity [12] . In particular, the temperature curves are somewhat smeared near C T , the effect typical for diffused phase transitions [18, 19] . Some quantitative characteristics of the induced EG are collected in Table 2 . Here the induced specific rotatory power parameter comparing the influence of different dopants. This is because the fields that saturate the
In the work [10] it has been explained in detail that the temperature dependences ) ( 333 T γ should strictly follow the corresponding behaviour of the dielectric permittivity, which is governed by the Curie-Weiss law (see Eqs. (8) and (9) (Fig. 5) , despite larger scattering of the data points, when compare with the lead germanate-silicate crystals [20] . [10] and [11] . (8) and (9) from [10] ), let us use as a quantitative parameter the ratio of temperature slopes of the reciprocal EG coefficients taken for those phases. Even after averaging over all the doped crystals under study, we arrive at the re- esting that some other physical properties demonstrate fair enough agreement with the theory. For instance, the corresponding ratio found following from the decrement coefficient for the neutron and Raman scattering [21] is close to 2:1, though the relative accuracy has not been high enough and, moreover, all the results have been concerned with the pure LG only. It is likely that the deviation from the theory observed for the EG in our crystals is associated with some influence of structural defects, similarly to the smearing of the phase transition. It is obvious from Table 2 that the largest coefficient of induced EG is inherent to the crystals doped with Eu and Li. Notice for comparison that the optical rotation induced electrically in PbMoO 4 crystals (which have until recently been regarded as the most efficient EG material among insulators) under the same conditions is only ~ 0.3 deg.
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Conclusions
In the present work we have studied spontaneous and induced EG effects in the doped LG. It has been shown that introduction of Li, La, Nd, Eu and (Li,Bi) dopants produces conspicuous effect upon the phase transition and alters its quantitative parameters. It shifts the Curie point towards lower temperatures and smears the phase transition. Spontaneous and electrically-induced gyrations turn out to be convenient tool in studying phase transformation in the LG crytals. In particular, the spontaneous EG reveal clear fluctuation phenomena in the vicinity of the Curie temperature, which can be satisfactorily explained in frame of the modified Landau theory, the first fluctuation correction approach. The influence of structural defects on the fluctuation phenomena in the LG-based solid solutions and the doped LG crystals will be elucidated in our forthcoming paper.
In general, the doping causes essential increase in the induced EG effect, when compare with the pure LG crystals. Though quantitative explanation of those peculiarities represents a cumbersome problem involving detailed structural studies of the doped LG and ascertaining the exact location of doping atoms in the crystalline lattice, the effect may prove important for many applications. Moreover, doping of the LG crystal suggests some additional practical conveniences such as lower Curie temperatures and so lower conductivity (see [11] ).
A comparison with the other promising insulating EG material, bismuth germanatesilicate [22] , testifies another practical advantage of the doped LG, much weaker nonlinearities in the ) ( z E ρ ∆ dependences. Perhaps, this is a reason for significantly larger specific optical rotation EG induced electrically. Since the optical saturation comes at certain electric field strength E z and the induced optical rotation depends on the electric voltage alone, improving of operational performance of EG elements should imply usage of thicker crystal samples.
